The data of inelastic 16 O+ 16 O scattering to the lowest 2 + and 3 − excited states of 16 O have been measured at E lab = 250, 350, 480, 704 and 1120 MeV and analyzed consistently in the distorted wave Born approximation (DWBA), using the semimicroscopic optical potentials and inelastic form factors given by the folding model, to reveal possible refractive structure of the nuclear rainbow that was identified earlier in the elastic 16 O+ 16 O scattering channel at the same energies. Given the known transition strengths of the 2 + 1 and 3 − 1 states of 16 O well determined from the (e, e ′ ) data, the DWBA description of the inelastic data over the whole angular range was possible only if the absorption in the exit channels is significantly increased (especially, for the 16 O+ 16 O * 2 + exit channel). Although the refractive pattern of the inelastic 16 O+ 16 O scattering was found to be less pronounced compared to that observed in the elastic scattering channel, a clear remnant of the main rainbow maximum could still be seen in the inelastic cross section at E lab = 350 − 704 MeV.
Introduction
The study of elastic, refractive scattering of light nucleus-nucleus systems, like 16 O+ 16 O and 16 O, 12 C+ 12 C, has proven to be very helpful for our understanding of the interaction between heavy ions (HI) [1] . The main reason is that the refractive structures or nuclear rainbow observed in the nucleus-nucleus elastic scattering can provide information on the HI optical potential at small internuclear distances. Although most of the studies have been concentrated on the elastic scattering (see, e.g., Ref. [2] for the 16 [5] . For example, in the 16 O+ 16 O system, where the elastic scattering has shown a pronounced nuclear rainbow pattern [2] , a clear remnant of the rainbow pattern was identified in the ø17o15 transfer cross section for the ground state transition to 15 O 1/2 − [5] . Beside the transfer channel, the inelastic scattering channel of a refractive nucleus-nucleus system can also have a well defined rainbow pattern [6] .
In particular, it has been shown recently by Michel and Ohkubo [7] that the transparency seen in some light HI in the form of Airy structure in the elastic scattering channel could have similar pattern in the inelastic scattering channel.
To complete our study [2, 5] of the refractive structure in the quasi-elastic 16 O+ 16 O scattering, we present in this work the results of our analysis in the distorted wave Born approximation (DWBA) of the inelastic 16 [8, 9, 10, 11] . These data were taken for the transitions to the lowest 2 + and 3 − states in 16 O at 6.92 MeV and 6.13 MeV excitation energy, respectively, and cover about the same wide angular range as that covered by the elastic scattering and one-neutron transfer data. Since the transition strengths of the 2 + 1 and 3 − 1 states of 16 O have been accurately determined from the (e, e ′ ) data [12, 13] , they can serve as constraints for the deformation lengths used to generate the inelastic form factors for our DWBA analysis. As a consequence, the measured inelastic scattering data provide a good database for the study of refractive features in the inelastic 16 The experimental spectra have been taken at the incident energies E lab = 250 − 480 MeV [8, 9, 10] using the Q3D magnetic spectrograph at HMI, and at 704 and 1120 MeV [10, 11] using the SPEG spectrograph at GANIL. The spectral lines of the 3 − state at 6.13 MeV and 2 + state at 6.92 MeV were observed in these spectra as the strongest inelastic transitions. The method used to obtain the experimental cross sections of inelastic scattering from the analysis of the inelastic spectra is described in the following.
Since the projectile and target are identical particles and the same state can be excited in the projectile as well as in the target (and also in both by mutual excitation), every excited state of 16 O appears in the spectrum twice at the same position of the corresponding excitation energy: (1) a sharp line is observed for the target excitation, and (2) a broad line for the projectile excitation (the mutual excitation could not be inferred from our data due to a small cross section and an increasing three-body background). The line-broadening observed for the excited states of the projectile is due to the recoil momentum of the photon emitted in-flight by the projectile. This effect is directly related to the Doppler-broadening usually observed in the γ-ray spectroscopy. The maximum energy shift in the laboratory system is given by ∆E max = ±(v/c)E γ [14] , where E γ is the energy of the γ-transition and v is the velocity of the photon-emitting outgoing 16 O projectile. These maximum shifts can be rather large: at the forward scattering angles they are, e.g., for the γ-transition from the 2 + state at 6.92 MeV to the ground state ∆E max = ±1.45 MeV at the beam energy E lab = 350 MeV, and ∆E max = ±2.45 MeV at E lab = 1120 MeV (angular shifts, which also result from the γ-recoil, are small and not larger than the angular resolution). Note that at 1120 MeV, the base width of the broadened line is almost 5 MeV wide, and this needs to be compared with the experimental energy resolution of about 0.5 MeV at both incident energies.
In the spectrum of inelastic excitation the lines resulting from the target excitation are described by Gaussians using the experimental resolution as the width, and the projectile excitation by rectangular distributions with base widths 2(v/c)E γ which were folded with the experimental resolution. For a given excited state the number of counts for the projectile and target excitation must be equal. This is required by the symmetry of the system which 16 O ′ ) 16 O * scattering at E lab = 1120 MeV and Θ lab = 3.0 • in the excitation energy region of the 3 − and 2 + excited states at 6.13 MeV and 6.92 MeV, respectively. The line shape used for the fit is described in the text.
implies the equal excitation strengths of the same excited state in both the projectile and target nuclei at the center-of-mass (c.m.) scattering angles Θ c.m. and π − Θ c.m. . Thus, the Gaussian line of the target excitation and the broad line of the projectile excitation have been first normalized to the same area before they were added. The resulting distributions were then fitted to the corresponding excited states in the spectrum by optimizing the normalizations. The fit can be performed simultaneously for several different excited states of 16 O with overlapping widths. Fig. 1 shows a spectrum of the inelastic scattering to the 3 − and 2 + excited states at 6.13 MeV and 6.92 MeV at E lab = 1120 MeV and Θ lab = 3.0
• . The number of counts obtained in the fit of an excited state represents the sum of inelastic cross sections for the projectile and target excitations, which was further divided by a factor of two to obtain the single excitation cross section for the DWBA analysis.
In the analysis of the measured spectra we have used an experimental technique, where two-dimensional plots of scattering angle versus position in the focal plane are constructed to perform projections on either axis by apply-ing specific gate conditions. To obtain spectra like that shown in Fig. 1 
and the transition potential or inelastic form factor (FF)
For the elastic and inelastic HI scattering, there are two main prescriptions of constructing the nuclear matrix elements (1) and (2):
(I) The phenomenological approach of parameterizing the OP (1) in terms of a conventional Woods-Saxon potential whose parameters to be adjusted to the best fit of elastic scattering data. The inelastic FF (2) is then given by the radial derivative of the OP, scaled by a factor known as the deformation length. This prescription for the inelastic FF is known as the deformed-opticalpotential (DOP) model where the deformation length is normally obtained by matching the calculated cross section to the observed inelastic data [16] .
(II) The (semi-microscopic) folding approach [17] where the real OP and inelastic FF are calculated microscopically using an appropriate effective inmedium nucleon-nucleon (NN) interaction and the ground-state and transition nuclear densities for the two colliding nuclei.
While the shape of the inelastic folded potential has a strong dependence on the multipolarity λ of the transition, the inelastic FF given by the simple DOP model (I) has a λ-independent shape [18, 19] . As a result, the nuclear deformation lengths extracted by the DWBA analysis using the DOP model can be significantly underestimated [18] , especially for high multipoles λ ≥ 3.
In the present work, following the success of the folding potential in the OM description of the elastic 16 O+ 16 O scattering [2] and DWBA analysis of the ø17o15 one-neutron transfer data at the same energies [5] , we use a recent version of the double-folding model [20] [20] the projectile-target interaction potential in the elastic or inelastic scattering channel is evaluated as an energy dependent Hartree-Fock-type potential of the dinuclear system
where v D and v EX are the direct and exchange parts of the effective NN interaction. The calculation of V D(EX) is done iteratively based on a density-matrix expansion method [20, 21] . In this calculation, the inputs for mass numbers and incident energies were taken as given by the relativistically corrected kinematics [22] . Like in our earlier works [2, 5] , we have used for the effective NN interaction v D(EX) the CDM3Y6 version [23] of the energy-and density dependent M3Y-Paris interaction. Since the density-dependent parameters of the CDM3Y6 interaction were adjusted to reproduce correctly saturation properties of the infinite nuclear matter, to use this interaction for a system of two finite nuclei one needs to take into account the kinematical transformation from the NN frame to the nucleus-nucleus frame. Thus, the CDM3Y6 interaction was further scaled by a kinematics modification factor deduced from Eq. (19) of Ref. [24] . At the incident energies considered here, this factor leads only to a marginal change of the potential strength (from around 1% at 250 MeV to 5% at 1120 MeV) compared to that given by the same folding approach (3) but neglecting the kinematics modification factor.
To calculate consistently both the optical potential and inelastic form factor one needs to take into account explicitly the multipole decomposition of the nuclear density distribution ρ(r) that enters the folding calculation (see details in Ref. [20] )
where JM and J ′ M ′ are the nuclear spins and their projections in the initial and final states, respectively, C 0 = √ 4π and C λ =1 for λ = 0; ρ λ (r) is the nuclear transition density of the 2 λ -pole excitation. In the present work, we adopt the collective-model Bohr-Mottelson prescription [25] to construct the nuclear transition densities for the 2 + and 3 − excitations of 16 O as
Here ρ 0 (r) is the total ground state (g.s.) density and δ λ is the deformation length of the 2 + or 3 − excitation of 16 O. The g.s. density of 16 O was taken as a Fermi distribution with parameters [26] chosen to reproduce the shell-model density for 16 O, and the neutron and proton parts of the 16 O density were assumed to have the same shape. Such an isoscalar assumption for the g.s. density implies [20] that the same nuclear deformation length is used for neutron and proton parts of the transition density (5). These deformation lengths were determined (see Eqs. (3.33)-(3.35) in Ref. [20] ) from the measured electric transition strengths of the 2 + 1 and 3
[12] and B(E3 ↑) = 1480 ± 50 e 2 fm 6 [13] , so that δ 2 = 1.038 ± 0.048 and δ 3 = 1.825 ± 0.031 fm were used to generate the transition densities (5) were obtained straightforwardly in the double-folding approach [20] . Along with the nuclear FF, the Coulomb inelastic form factor V (λ) C was calculated by the same folding method (3), using the g.s. and transition charge densities of the two colliding 16 O nuclei and the Coulomb interaction between the two protons.
To have the complex energy dependent optical potentials for the entrance and exit channels, the real (folded) OP was further added, as in our previous folding analyses, by a Woods-Saxon (WS) imaginary potential that contains both the volume and surface terms. Thus, the OP used in the present DWBA analysis is
Here V
C is the elastic Coulomb potential between a point charge and a uniform charge distribution of radius
2 ) fm and the volume and surface parts of the imaginary WS potential are determined as
For U
in , the renormalization factor N
V of the real folded potential V 16 O, we find that this assumption is not always a good approximation, and it could lead to an underestimation of the transition strength of the nuclear excitation when the refractive effect is strong.
Within the folding model [20] , the following complex energy dependent inelastic FF is often used for the transition potential (2)
and
in (R). With the deformation length fixed by the known transition strength, the renormalization factor N (λ) V of the real folded FF is usually adjusted to the best DWBA fit of inelastic scattering data and it should be close to unity for the folding procedure (9) to be meaningful. All the OM and DWBA calculations were made using the code ECIS97 written by Raynal [27] . entrance and exit channels. In addition to the scaling the CDM3Y6 interaction by a kinematics modification factor, a more accurate local approximation [21] was also used for the exchange potential V EX compared to the folded potentials used earlier in Ref. [2] . Therefore, we have made again a detailed OM analysis of the elastic 16 O+ 16 O scattering data [8, 9, 10, 11] using the complex OP (6). The obtained OP parameter sets (see the best-fit OP parameters for the 16 O+ 16 O entrance channel at different incident energies in Table 1 ) reproduce the same refractive structure in the elastic 16 O+ 16 O cross sections as that reported in Ref. [2] . Note that the improved folding procedure leads to a slightly smaller renormalization factor N (0) V of the real folded potential at all energies, with the largest difference of about 10% found at 250 MeV. The corresponding volume integrals J V are changed only by about 2-5% and they indicate practically the same potential family for the real OP as that discussed in Ref. [2] .
To show more clearly the evolution of the refractive Airy pattern with the increasing incident energy, we have plotted in Fig. 2 the measured elastic 16 
O+
16 O data and the calculated cross sections versus the momentum transfer q = 2k sin(Θ c.m. /2), where k is the wave number of the projectile. In such a presentation, the location of the first Airy minima (A1) can be traced up to the energy of 704 MeV. The rainbow pattern associated with A1 [2] is somewhat obscured at E lab = 250 MeV by the Mott interference caused by boson symmetry between the two identical 16 O nuclei, but it becomes more prominent at E lab = 350 MeV. Actually, the elastic data at 350 MeV [9] is now known as a very clear experimental evidence of the nuclear rainbow scattering pattern in elastic heavy-ion scattering. In the present work we investigate whether this rainbow pattern also exists in the inelastic 16 Fig. 3 . Given the deformation lengths fixed above by the measured electric transition rates of the 2 + and 3 − states and the validity of DWBA, the complex FF's (9) of the inelastic scattering to these states were expected to give some reasonable description of the data with the unrenormalized folded FF (N (2) V = N (3) V = 1). However, the DWBA calculation based on such an assumption, using the same complex OP in the entrance and exit channels, turned out to grossly overestimate the measured angular distributions for the 2 + and 3 − states of 16 O (see dotted curves in Fig. 3 ). Even if we assume lower values for the deformation lengths, δ 2(3) ⇒ δ 2(3) − ∆δ 2(3) where ∆δ 2(3) are the experimental uncertainties of the adopted δ 2(3) values discussed in Sec. 3, the absolute 2 + and 3 − cross sections are reduced only by around 10% and 4%, respectively. Such a small change in the inelastic cross section is almost invisible in the logarithmic scale of the plot.
We tried further to adjust the renormalization factors of the real folded FF's to best fit the data, using the same imaginary inelastic FF's. These factors then turned out to be significantly smaller than unity: N V approaching almost zero, the strength of the imaginary 3 − inelastic FF is still so strong that the DWBA cross section is roughly twice the measured cross section over the whole angular 
trans is neglected, we could not get a good description of the measured cross section for the 2 + state over the whole angular range. If the real folded FF is renormalized by N (2) V ≈ 0.63 (a strong quenching of the transition strength), the DWBA result fits reasonably the data at large angles but underestimates significantly the 2 + data at forward angles (dashed curve in the middle part of Fig. 3 ). When the real folded FF is kept unchanged (N (2,3) V = 1), the DWBA calculation can only fit the data points at smallest angles and strongly overestimate the data at large angles (dash-dotted curve in the middle part of Fig. 3 ). An overall good description of the measured 2 + cross section could finally be reached only when a more absorptive OP is used for the 16 O+ 16 O 2 + exit channel, with the absorption strength around 40 to 60% stronger than that in the entrance channel (see Table 1 
The coupled-channel (CC) calculation using the same OP and inelastic FF as those used in the DWBA calculation leads to a slight reduction (around 10-30%) of the inelastic cross sections at largest angles (compare solid and dash-dotted curves in Fig. 4) . After the depths of the WS imaginary potentials were re-adjusted to fit the data in the CC calculation (the dotted curves in Fig. 4) , the absorptive strength of the OP is reduced by only around 5-6%. Such a weak CC effect shown in Fig. 4 confirms the conclusion made based on the DWBA results plotted in Fig. 3 If we consider the imaginary part of the inelastic FF as originating from a 'dynamic polarization' of the transition potential, similar to that of the microscopic OP according to Feshbach [28] , then these results would indicate a dominance of the direct (one-step) inelastic scattering process and the contribution from higher order terms to the 16 The DWBA results obtained with the inelastic FF consisting only of the real folded FF are shown in Fig. 5 . Since a renormalization of the real folded FF usually could not deliver a good DWBA description of the data over the whole angular range and given the dominance of the direct one-step scattering process, we have used throughout our DWBA analysis N (λ) V = 1 and δ λ values given in Sec. 3. These DWBA results confirm again that a significantly more absorptive OP must be used for the exit channels, especially for 16 16 O * scattering also support the conclusion of Ref. [5] that the nuclear mean free path is quite different as one considers different reaction channels. The nuclear mean free path in the overlapping region was shown [5] to gradually decrease when one goes from a tightly bound and spherical double closed-shell nucleus 16 O to a less bound 15 O nucleus (in its ground and excited p 3/2 states). Now we see the same trend for the 16 O nucleus in the excited 2 + and 3 − states. Thus, the enhanced absorption found in the exit channels should, in general, imply a shorter mean free path of the excited (and less-bound) nuclear cluster in the nuclear medium. To illustrate the trend of the increased absorption in the exit channels of the quasi-elastic 16 O+ 16 O scattering, we have plotted in Fig. 6 Fig. 6 ) which is close to that observed for strong-absorbing HI systems. For example, the OM analysis of the elastic scattering of 390 MeV 20 Ne on 12 C using the real WS and folded potentials has given J W = 207 MeV fm 3 and 155 MeV fm 3 , respectively [8] .
The enhanced absorption found for the exit channels of the inelastic 16 O+ 16 O scattering and ø17o15 transfer reaction stresses the need to have a realistic choice for the OP not only in the entrance but also in the exit channel. The use of the same complex OP in both the entrance and exit channels might lead to a large uncertainty in the deduced transition strength if one follows the standard method of scaling the inelastic FF to match the DWBA results to the measured angular distributions. In particular, one needs to be aware of this effect while analyzing the inelastic scattering data measured at 'refractive' energies for a light HI system containing an unstable nucleus with the excited state being either unbound or very weakly bound. We note finally that the subtle effect of absorption enhancement could have been found only owing to very accurately measured inelastic
16 O * scattering and oneneutron ø17o15 transfer data which cover a wide angular range and about 6 orders of the cross-section magnitude.
We consider now the refractive features in the inelastic 16 
scattering in more details, and the best data set for this purpose are those measured at E lab = 350 MeV. At this energy, a broad shoulder-like primary rainbow pattern preceded by the first Airy minimum at Θ c.m. ≈ 44 • (or q ≈ 6.1 fm −1 ) has been observed in the elastic 16 O+ 16 O scattering cross section (see Fig. 2 ). From the DWBA results given by the same OP in the entrance and exit channel (dotted and dash-dotted curves) for the inelastic scattering at 350 MeV shown in Fig. 7 one can see a weak rise in the sum of the 2 + and 3 − cross sections at Θ c.m. ≥ 46
• . This broad pattern at large angles is about the same for the 2 + and 3 − cross sections (with overlayed oscillatory structures at the forward angles which are out of phase) and should be of the refractive nature and caused by the same interference mechanism that gives rise to the Airy oscillation seen in the elastic 16 O+ 16 O scattering [7] . Note that the rainbow shoulder is slightly shifted towards large angles because of a small decrease of the c.m. energy in the exit channel. This structure becomes weaker if one uses a more absorptive OP in the exit channels to reproduce the measured (2 + + 3 − ) cross section as discussed above. Nevertheless, a remnant of the primary rainbow shoulder can still be seen separately in the calculated 2 + and 3
− cross sections as well as in the measured total cross section. 16 O * scattering. Interestingly, the enhancement of absorption found at higher energies is not very obvious at 250 MeV where the results given by the same OP for both the entrance and exit channels deliver also a fairly good description of the measured data (see Fig. 8 ). We have seen the same trend in our recent DWBA analysis of the oneneutron ø17o15 reaction [5] , where the enhanced absorption in the exit channel was also not observed at 250 MeV. It is very likely that the enhancement of the absorption in the exit channel is a feature associated with the refractive nature of quasi-elastic nucleus-nucleus scattering. Such an effect can be well expected from the interpretation of the rainbow scattering as a phenomenon associated with a weak absorption which allows a deeper interpenetration of the two nuclei, with the refractive pattern determined by the nucleus-nucleus potential at small distances [32] .
Given a weak rainbow pattern seen in the inelastic scattering cross section at the energies of 350-704 MeV, one might also expect some sensibility of the measured inelastic data to the shape of the nucleus-nucleus form factor at small distances. To probe this effect, we have constructed the transition form factors (2) using both the folding and DOP methods. To obtain the DOP form factors, we have first deformed the (best-fit) elastic folded potential by the same deformation lengths δ λ as that used to generate the nuclear transition densities (5) for the folding calculation. Although the two choices of the FF have more or less the same strength at the surface of the dinuclear system, they differ from each other substantially at small radii (compare the solid and dotted curves in Fig. 9 ). This difference shows up clearly in the calculated inelastic cross section and one can see from Fig. 10 that a reasonable DWBA description of the data by the DOP form factors can only be reached when the deformation lengths δ 2,3 used in the DOP model are substantially reduced, especially, for the λ = 3 case where δ 3 has to be reduced by a factor around 1.67. The corresponding transition rate is then reduced to B(E3 ↑) ≈ 531 e 2 fm 6 which is nearly three times smaller than the adopted experimental value of 1480 ± 50 e 2 fm 6 [13] . Such a deficiency of the DOP form factor, which leads to an artificial "hindrance" of the 3 − excitation strength, has been first pointed out by Beene et al. [18] and is now confirmed again by our folding + DWBA analysis of the inelastic
16 O * scattering. Moreover, with the inelastic scattering data covering a wide angular range, it can be seen in Fig. 10 that the DOP method completely fails to give a good description of the data points at largest angles which are known to be sensitive to the shape of the FF at small distances. Like the rainbow pattern in the elastic 16 [8, 9, 10, 11] , have been measured and analyzed within the DWBA using the semi-microscopic optical potential and inelastic form factor given by the folding model [20] . Although the refractive pattern of the inelastic 16 
16 O * scattering was found less pronounced compared to that observed in the elastic scattering channel, a similar evolution of the primary rainbow remnant could still be traced in the inelastic scattering cross section up to E lab = 704 MeV.
Given the strengths of the folded form factors fixed by the deformation lengths determined from the experimental B(E2 ↑) and B(E3 ↑) data [12, 13] , a reasonable DWBA description of the measured 2 + and 3 − angular distributions has been obtained only if the absorption in exit channels is significantly increased, especially for the 16 O+ 16 O 2 + exit, at the energies where the refractive (rainbow) pattern was well observed in the elastic scattering channel. Our DWBA analysis also shows consistently that the considered inelastic scattering to the lowest 2 + and 3 − states of 16 O exhausts mainly the strength of the real part of the inelastic form factor (9) . In terms of Feshbach's formalism [28] , these results should indicate the dominance of the direct (one-step) inelastic scattering and negligible contribution from higher order terms to the 16 
The enhanced absorption found for the exit channels of the inelastic 16 O+ 16 O scattering and ø17o15 transfer reaction [5] indicates that the nuclear mean free path is decreasing during the transition from the entrance channel containing two tightly bound double closed-shell 16 16 O * scattering data at 350 MeV, which cover both the diffractive and refractive regions in the angular distribution. The use of the DOP model also significantly underestimates the deformation lengths of the nuclear excitations, especially for λ ≥ 3. Therefore, we recommend again the folding model as a more reliable tool in the analysis of the inelastic nucleus-nucleus scattering. [8, 9, 10, 11] given by the semi-microscopic optical potential (6) . The OP parameters are those determined for the entrance 16 O+ 16 O channel (see Table 1 16 O * scattering at E lab = 1120 MeV in comparison with the data. The solid curves were calculated in the DWBA (see explanation for solid curves in Fig. 3) ; dash-dotted curves are given by the CC calculation using the same FF and OP parameters as those used for solid curves, but taking into account the 3-channel coupling 2 + ↔ 0 + ↔ 3 − ; dotted curves were obtained in the same CC scheme, but with the WS parameters of the imaginary OP slightly re-adjusted to best fit the data. = 1) real folded FF. The dotted curves were obtained with the same complex OP for the entrance and exit channels, and the solid curves were obtained with a more absorptive OP in the exit channels (see Table 1 ). The cross sections are plotted versus the momentum transfer q = 2k sin(Θ c.m. /2), where k is the wave number of the projectile. 
F form factor is the solid curve, the DOP curves represent the best-fit elastic folded potential deformed with the same deformation length δ 3 as that used to generate V , and dashed curves are the DOP results but with δ 2,3 adjusted to the best DWBA fit to the data.
